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Abstract 

Propulsive  movements  of  the  caudal  oscillating  flukes  produce  large  forces  that 
could  induce  equally  large  recoil  forces  at  the  cranial  end  of  the  animal,  and,  thus, 
affect  stability.  To  examine  these  vertical  oscillations,  video  analysis  was  used  to 
measure  the  motions  of  the  rostrum,  pectoral  flipper,  caudal  peduncle,  and  fluke 
tip  for  seven  odontocete  cetaceans:  Delphinapterus  leucas ,  Globicephala  melaena, 
Lagenorhyncbm  obliquidens,  Orcinus  orca ,  Pseudorca  crassidens,  Stenella  plagiodon,  and 
Tursiops  truncatus.  Animals  swam  over  a  range  of  speeds  of  1.4— 7.3  m/sec.  For  each 
species,  oscillatory  frequency  of  the  fluke  tip  increased  linearly  with  swimming 
speed.  Peak-to-peak  amplitude  at  each  body  position  remained  constant  with 
respect  to  swimming  speed  for  all  species.  Mean  peak-to-peak  amplitude  ranged 
from  0.02  to  0.06  body  length  at  the  rostrum  and  from  0.17  to  0.25  body  length  at 
the  fluke  tip.  The  phase  relationships  between  the  various  body  components  remain 
constant  with  respect  to  swimming  speed.  Oscillations  of  the  rostrum  were  nearly  in 
phase  with  the  fluke  tip  with  phase  differences  out  of  —9.4°— 33.0°  of  a  cycle  period 
of  360°.  Pectoral  flipper  oscillations  trailed  fluke  oscillations  by  60.9°-123.4°.  The 
lower  range  in  amplitude  at  the  rostrum  compared  to  the  fluke  tip  reflects  increased 
resistance  to  vertical  oscillation  at  the  cranial  end,  which  enhances  the  animal’s 
stability.  This  resistance  is  likely  due  to  both  active  and  passive  increased  body 
stiffness,  resistance  on  the  flippers,  phased  movements  of  body  components,  and  use 
of  a  lift-based  propulsion.  Collectively,  these  mechanisms  stabilize  the  body  of 
cetaceans  during  active  swimming,  which  can  reduce  locomotor  energy  expenditure 
and  reduce  excessive  motions  of  the  head  affecting  sensory  capabilities. 

Key  words:  swimming,  dolphin,  stability,  recoil,  kinematics,  cetaceans,  Delphin¬ 
apterus  leucas ,  Globicephala  melaena ,  Lagenorhynchus  obliquidens ,  Orcinus  orca ,  Pseudorca 
crassidens,  Stenella  plagiodon,  Tursiops  truncatus. 
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Animals  that  swim  by  body  and  caudal  fin  propulsion  must  balance  the  large 
forces  generated  at  the  tail  with  recoil  forces  at  the  cranial  portion  of  the  body 
(Webb  1992,  Fish  and  Shannahan  2000).  Recoil  forces  can  produce  large 
movements  in  the  cranial  region  of  the  animal.  Head  deflections  result  in  increased 
drag,  deviation  from  a  desired  trajectory,  potential  interference  of  sensory  apparatus,  f 

and  a  reduction  in  stability  (Lighthill  1975,  Webb  1992,  Fish  2002,  Weihs  2002). 

A  stable  body  resists  changes  in  direction  and  velocity  due  to  forces  either 
externally  or  internally  generated  (Weihs  1993,  2002;  Webb  2002).  Balancing  both 
forces  and  their  associated  torques  acting  at  the  ends  of  the  body  can  reduce  recoil 
movements.  Stabilizing  systems  self-correct  for  disturbances  and  maintain  a  desired 
postural  attitude  (Webb  1997).  These  systems  stabilizing  the  body  can  be  passive 
or  active  and  can  effectively  dampen  perturbations  that  generate  instabilities. 

Passive  mechanisms  require  no  additional  energy  to  provide  stability  and  are  largely 
a  function  of  body  morphology  (Fish  2002).  Active  mechanisms  can  compensate  for 
destabilizing  movements  by  neurological  activation  of  musculo-skeletal  compo¬ 
nents  in  concert  with  sensory  feedback  at  the  expense  of  energy  (Webb  1997). 

Cetaceans  swim  by  the  generation  of  large  forces  from  the  dorso-ventral  oscillations 
of  broad,  caudal  flukes  (Lang  1975;  Fish  1993,  1998;  Williams  et  al.  1993).  Such 
forces  could  be  destabilizing  at  the  head  and  result  in  movements  in  the  pitching 
direction.  If  cetaceans  swam  as  a  rigid  beam,  the  body  would  oscillate  around  the 
center  of  gravity  with  the  rostrum  and  fluke  tips  moving  180°  out  of  phase  (/.«., 
moving  in  exactly  opposite  directions)  and  with  large  dorso-ventral  displacements. 

Cetaceans  are  not  rigid  bodies  and  exhibit  varying  degrees  of  flexibility  along  the  body 
(Pabst  1993,  2000;  Long  et  al.  1997).  Flexibility  in  cetaceans  and  other  aquatic 
animals,  however,  is  associated  with  increased  maneuverability,  a  controlled 
instability  (Fish  and  Rohr  1999,  Fish  2002).  How  then  do  cetaceans  control 
stability?  Stability  in  the  cranial  portion  of  swimming  cetaceans  would  require 
relatively  small  pitching  deviations  of  the  head  compared  to  the  flukes. 

Few  studies  have  measured  the  displacements  of  the  various  body  components  of 
cetaceans  other  than  at  the  flukes.  Reports  on  dolphin  swimming  have  indicated 
substantial  displacements  of  points  along  the  body  that  oscillate  in  the  vertical 
plane.  Steady  swimming  cetaceans  exhibited  a  range  for  peak-to-peak  fluke 
amplitudes  of  0.18—0.21  (Fish  1993,  1998).  Outlines  of  a  bottlenose  dolphin 
(' Tursiops  trnncatus )  swimming  at  a  routine  speed  of  2.63  m/sec  exhibited  dorso- 
ventral  excursions  of  0.08  and  0.35  body  length  at  the  rostrum  and  at  the  fluke  tip, 
respectively  (Videler  and  Kamermans  1985).  The  maximum  bending  angle  of  the 
entire  caudal  peduncle  of  a  swimming  Tursiops  was  46°  (Pabst  1993),  although 
a  captive  dolphin  giving  birth  (Parry  1949)  was  determined  to  bend  its  peduncle 
into  an  arc  of  65°.  Lang  (1975)  showed  the  outline  of  an  accelerating  dolphin 
(Lagenorhynchits  obliquidens)  with  a  dorso-ventral  displacement  at  the  rostrum  of 
approximately  0.05  body  length.  Skrovan  et  al.  (1999)  found  the  peak-to-peak 
amplitudes  of  the  fluke  tip  of  Tursiops  truncatus  to  be  as  high  as  0.5  body  length  when 
accelerating,  but  only  0.2  body  length  at  steady  swimming  speeds  of  1 .5— 3-7  m/sec. 

This  study  makes  a  systematic  comparison  of  the  movements  of  various  body 
components  for  a  variety  of  cetacean  species.  The  goals  of  the  paper  are  (1)  to 
measure  the  dorso-ventral  displacements  of  positions  along  the  body  of  odontocete 
cetaceans,  (2)  to  determine  whether  the  dorso-ventral  displacements  are  affected  by  * 

body  morphology  and  swimming  speed,  and  (3)  examine  the  phase  relationships 
between  different  body  components.  It  was  hypothesized  that  cetaceans  would  not 
act  as  a  rigid  beam  producing  large  vertical  displacements  at  the  rostrum,  and  • 
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Table  1.  Morphometries  of  odontocete  cetaceans. 


Species 

Sex 

Body 

mass 

(kg) 

Body 

length 

(m) 

Fineness 

ratio 

Fluke 

span 

(m) 

Fluke 

area 

(m2) 

Flipper 

length 

(m) 

Flipper 

area 

(m2) 

Stenella  plagiodon 

male 

81.6 

1.83 

5.41 

0.49 

0.061 

0.38 

0.050 

Lagenorhynchus 

male 

130.6 

2.18 

4.98 

0.67 

0.081 

0.37 

0.055 

obliquidens 

Legenorhynchus 

female 

139.7 

2.25 

5.05 

0.55 

0.072 

0.38 

0.057 

obliquidens 

Tursiops  truncatus 

female 

192.0 

2.51 

5.10 

0.58 

0.089 

0.34 

0.048 

Tursiops  truncatus 

female 

229.5 

2.60 

5.00 

0.50 

0.112 

0.46 

0.026 

Tursiops  truncatus 

female 

263.1 

2.70 

4.69 

0.65 

0.117 

0.37 

0.063 

Pseudorca  crassidens 

female 

367.4 

3.55 

6.72 

0.74 

0.109 

0.51 

0.108 

Delphinapterus 

female 

698.5 

3.25 

4.66 

0.77 

0.165 

0.33 

0.113 

leucas 

Globicephala 

female 

764.3 

3.99 

5.86 

0.96 

0.196 

0.71 

0.192 

melaena 

Orcinus  orca 

female 

929.9 

4.16 

4.89 

1.10 

0.269 

0.64 

0.349 

Orcinus  orca 

female 

1124.3 

4.46 

4.78 

1.05 

0.226 

0.70 

0.339 

Orcinus  orca 

female 

1995.8 

5.16 

4.91 

1.33 

0.356 

0.79 

0.510 

animals  with  large  flipper  areas  relative  to  fluke  areas  would  exhibit  smaller  dorso- 
ventral  oscillations  at  the  cranial  portion  of  the  body.  Large  displacements  at  the 
cranial  portion  of  the  body  may  be  indicative  of  instabilities  generated  by  the 
muscles  and  translated  from  the  propulsive  movements  at  the  caudal  flukes.  Small 
oscillations  would  indicate  stabilization  mechanisms. 


Methods 

The  swimming  motions  of  twelve  individuals  of  seven  species  of  trained  odontocete 
cetaceans  (Table  1)  were  recorded  at  Sea  World  parks  in  Orlando,  FL;  San  Antonio, 
TX;  San  Diego,  CA,  and  the  National  Aquarium  in  Baltimore,  MD.  The  species 
examined  included  the  spotted  dolphin  ( Stenella  plagiodon),  striped  dolphin 
( Lagenorhynchus  obliquidens ),  bottlenose  dolphin  ( Tursiops  truncatus),  false  killer  whale 
{Pseudorca  crassidens),  beluga  whale  ( Delphinapterus  leucas),  pilot  whale  ( Globicephala 
melaend),  and  killer  whale  ( Orcinus  area).  Experiments  were  performed  in  large 
elliptical  pools  with  maximum  lengths  of  27.4-48.8  m.  The  curved  portions  of  each 
pool  were  constructed  of  glass  panels .  A  water  depth  of  1 .4-2 . 1  m  was  visible  through 
the  panels.  Depths  of  the  pools  were  7.3—11.0  m  and  water  temperatures  ranged 
between  12°C  and  22°C.  Animals  were  directed  to  swim  by  human  trainers  or 
routinely  swam  along  the  wall  of  the  pool.  All  animals  were  trained  to  swim  near  the 
water  surface.  The  speed  of  the  animals  varied  in  response  to  cues  from  trainers. 

Morphological  measurements  were  obtained  from  direct  measurement  with  a  tape 
measure  or  from  photographs  and  video  images  with  a  scalar  in  the  image.  Mea¬ 
surements  included  body  length  (L,  m)  as  the  linear  distance  from  rostral  tip  to 
fluke  notch,  flipper  length  as  the  linear  distance  from  anterior  flipper  insertion  to 
flipper  tip,  fluke  span  as  the  linear  distance  between  fluke  tips,  total  planar  surface 
area  of  flukes,  total  planar  area  of  the  flippers,  and  maximum  body  depth. 
Maximum  body  depth  was  measured  from  photographic  and  video  images  of  the 
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Figure  1.  Bottlenose  dolphin  showing  digitized  points  on  rostrum,  flipper,  peduncle, 
and  flukes.  The  symbol  +  indicates  the  position  of  the  center  of  mass.  Center  of  mass  was 
determined  from  Fish  (2002). 


lateral  aspect  of  the  body  as  the  animal  floated  in  the  water.  Flipper  length  was 
reported  as  the  average  length  for  the  two  flippers.  Fineness  ratio  (FR)  was 
calculated  as  the  body  length  divided  by  the  maximum  body  depth. 

The  swimming  motions  were  recorded  with  a  Panasonic  VHS  camcorder  (DV- 
510)  at  60  Hz.  Sequential  positions  of  the  rostral  tip,  flipper  tip,  caudal  peduncle 
(i.e. ,  position  of  tail  fluke  insertion),  and  fluke  tips  (Fig.  1)  were  digitized  from 
individual  fields  of  videotape  with  the  Peak  Motus  video  analysis  system  (Version 
4.3.1;  Peak  Performance  Technologies,  Englewood,  CO)  input  from  a  Panasonic 
AG-7300  video  recorder.  Kinematic  data  from  videotape  records  included  mean 
swimming  velocity  (U ,  m/sec),  stroke  cycle  frequency  (/,  Hz)  and  peak-to-peak 
amplitude  (A,  m)  for  each  digitized  point,  and  phase  differences  between  the  motion 
of  the  flukes  and  the  motion  of  the  other  three  body  components.  Both  U  and  A  were 
computed  using  L  as  a  scalar.  A  is  the  maximum  vertical  displacement  for  the 
oscillatory  motion  of  each  digitized  point  on  the  body.  Due  to  size  differences 
between  species,  comparisons  were  made  using  length-specific  values  UIL  and  AIL. 

Phase  differences  in  degrees  with  respect  to  movements  of  the  fluke  tip  were 
calculated  as  the  time  difference  between  the  maximum  vertical  movement  of  the 
fluke  tip  and  each  of  the  other  body  points  divided  by  the  cycle  period  of  the  fluke 
tip  and  multiplied  by  360°.  A  phase  difference  of  0°  indicated  synchronous  move¬ 
ment  (i.e.,  body  components  move  simultaneously  in  the  same  direction  in  the 
vertical  plane),  whereas,  a  phase  difference  of  180°  indicated  the  opposite  phase  (i.e., 
body  points  move  exactly  opposite  to  one  another  in  the  vertical  plane).  Movements 
of  body  points  were  considered  asynchronous  with  respect  to  the  fluke  tip  when  the 
phase  difference  was  statistically  different  from  0°.  Negative  values  indicated  the 
cycle  of  the  body  point  trailed  the  cycle  of  fluke  tip;  whereas,  positive  values 
indicated  the  cycle  of  the  body  point  led  the  fluke  tip. 

Means  were  calculated  for  values  that  did  not  vary  with  L  and  UIL.  Variation 
about  means  was  expressed  as  ±  one  standard  deviation  (SD).  Statistical  analyses 
were  performed  using  software  packages  Statistica  (Version  4.1;  StatSoft)  and 
DataDesk  (Version  3-0).  Linear  relationships  were  estimated  by  least-squares 
regression.  The  phase  difference  in  the  timing  of  rostrum  and  fluke  tip  was  tested 
against  zero  using  a  paired  Student  r-test.  All  tests  were  2-tailed  and  differences 
were  considered  significant  at  P  <  0.05. 


Results 

Body  length  among  species  varied  2.80-fold  from  1.83  m  (Stenella)  to  5.16  m 
(Orcinus).  FR  varied  from  4.66  ( Delphinapterus )  to  6.72  (Pseudorca)  (Table  1).  Across 
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Body  length  (m) 

Figure  2.  Relationships  of  planar  areas  of  flukes  and  flippers  with  body  length.  Equa¬ 
tions  for  regression  lines  are  provided  in  the  text. 


species,  flipper  length,  total  flipper  area,  fluke  span,  and  fluke  area  increased  with 
body  length,  according  to  the  following  equations: 

Flipper  length(m)  =  0.035  +  0.144L  r  =  0.900;  P<  0.001  (l) 

Flipper  area  (m2)  =  0.006L2  6,9  r  =  0.968;  P  <  0.001  (2) 

Fluke  span  (m)  —  —0.009  +  0.246L  r  =  0.955;  P<  0.001  (3) 

Fluke  area  (m2)  —  0.02 1L1  642  r  =  0.952;  P<  0.001  (4) 

The  planar  areas  of  the  appendages  (Fig.  2)  were  not  statistically  different  from  each 
other  (paired  r-test;  t  =  —0.229;  P  <  0.823).  However,  animals  under  3.6  m 
tended  to  have  fluke  areas  greater  than  flipper  areas  and  those  longer  than  3.6  m  had 
fluke  areas  less  than  flipper  areas. 

A  total  of  143  swimming  trials  were  analyzed.  Video  recordings  showed  that  all 
the  species  swam  steadily  in  a  manner  similar  to  previous  descriptions  of  cetacean 
locomotion  (Lang  1975;  Videler  and  Kamermans  1985;  Fish  1993,  1998;  Skrovan 
et  al.  1999).  All  measured  body  components  moved  along  sinusoidal  pathways  (Fig. 
3A,  B).  Regression  analysis  showed  that  the  frequency  of  the  propulsive  cycle  (/) 
increased  linearly  with  increasing  UILr  =  0.90;  P  <  0.001)  (Fig.  4),  according  to 
the  equation: 

/  =  0.538  +0.902U/L  (5) 

The  vertical  excursion,  A,  was  greatest  for  the  flukes  (Ay)  followed  in  decreasing 
order  by  the  peduncle  (Ap),  rostrum  (Ar),  and  flipper  (Ay)  (Fig.  3).  The  flipper  was 
located  closest  to  the  center  of  mass  of  the  body  (Fish  2002).  For  all  species,  A  for 
all  body  points  was  found  to  be  independent  of  U/L  (Fig.  5).  Peak-to-peak 
amplitude  for  the  body  components  varied  linearly  with  L  across  a  wide  range  of 
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Percent  cycle 


Percent  cycle 

Figure  3 ■  Oscillations  of  body  components  for  swimming  cetaceans.  A.  Tursiops 
swimming  at  2,0  m/sec.  B.  Delpbinapterus  swimming  at  2.5  m/sec. 


species  of  different  body  lengths  (Fig.  6).  Regressions  on  means  for  individuals  for 
each  body  component  were  statistically  significant  for  the  equations: 


Ar 

=  0.071  +0.017L 

r  =  0.601; 

P  <  0.05 

(6) 

Afl 

=  -0.014 +  0.037L 

r  =  0.785; 

P  <  0.01 

(7) 

Ap 

=  0.026  +  0.196L 

r  =  0.936; 

P  <  0.001 

(8) 

Af 

=  0.071  +0.199L 

r  =  0.936; 

P  <  0.001. 

(9) 
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Figure  4.  Frequency  of  swimming  strokes  as  a  function  of  length-specific  velocity  for  the 
odontocete  cetaceans  investigated  in  this  study. 


Differences  between  mean  Ar/L  between  species  were  small  (Fig.  7),  varying 
from  0.02  ±  0.01  to  0.06  ±  0.02.  For  the  vertical  excursions  of  the  flukes,  mean 
AfIL  varied  from  0.17  —  0.02  to  0.25  ±  0.03  (Fig.  6).  Both  the  fluke  and  rostrum 
mean  AIL  values  were  found  to  be  smallest  for  Globicephala  and  largest  for  Stenella. 

The  ratio  of  Af!Ar  varied  from  4.34  to  6.76  for  the  cetaceans.  The  smaller  species 
C Lagenorhynchus ,  Stenella ,  Tursiops)  exhibited  a  lower  range  of  AflAr  (4.34-4.89) 
compared  to  the  larger  cetaceans  (5.94-6.76). 

There  were  differences  among  species  in  the  phased  movements  of  the  flukes  with 
the  rostrum  and  peduncle.  No  relationship  was  observed  for  phase  relationships 
among  the  body  points  and  U. 

The  phase  differences  between  the  fluke  oscillations  and  those  of  the  rostrum 
were  consistently  small  for  all  species  (Fig.  8).  Phase  differences  between  the  fluke 
tip  and  rostral  tip  were  not  statistically  different  from  zero  for  Stenella  (t  =  1.07, 
df  =  13,  P  <  0.303)  and  Tursiops  ( t  =  2.00,  df  =  31,  P  <  0.054),  indicating  near 
synchrony  in  time  and  direction  between  rostrum  and  flukes.  Phase  differences 
between  the  rostrum  and  the  flukes  ranged  from  —9-4°  ±  13.8°  for  Lagenorhynchus 
to  33.0°  ±  21.3°  for  Delphinapterus .  With  the  exception  of  the  negative  mean  values 
for  Lagenorhynchus  and  Tursiops,  the  mean  phase  differences  were  positive  for  the 
other  cetaceans,  indicating  that  the  motion  of  the  rostrum  led  the  fluke  motion. 

In  all  cases  the  motion  of  the  peduncle  led  the  flukes  ranging  from  18.9  —  5.9° 
to  48.7°  ±  26.9°;  whereas  the  flippers  were  out  of  phase  by  exhibiting  phase 
relationships  of  —60.9°  ±  24.8°  to  —123.4°  ±  29.9°  following  the  flukes  (Fig.  ^). 
The  phase  relationship  between  the  motions  of  the  flukes  and  the  peduncle  in 
cetaceans  is  associated  with  control  of  the  angle  of  attack  of  the  flukes  in  accordance 
with  a  lift-based  propulsive  system  (Fierstine  and  Walters  1968,  Fish  1998). 


Discussion 

The  planar  area  of  the  flippers  and  the  flukes  were  surprisingly  similar  for  the 
cetaceans  examined.  Only  Orcinus  displayed  flippers  with  combined  areas  larger 
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Length-specific  velocity  (L/s) 

Figure  5.  Peak-to-peak  amplitude  plotted  as  a  function  of  length-specific  swimming 
speed  (LI sec)  for  Tursiops.  Symbols  represent  the  rostrum  (solid  triangles),  flipper  (open 
triangles),  peduncle  (open  circles),  and  fluke  tip  (solid  circles). 


than  their  flukes.  The  flippers  for  Orcinus  were  1.3— 1.5  times  larger  than  the  flukes. 
The  flippers  of  Orcinus  are  subject  to  increased  size  due  to  sexual  dimorphism 
(Dahlheim  and  Heyning  1999),  but  the  animals  examined  for  this  study  were  all 
females.  Despite  the  larger  flipper  area  for  Orcinus ,  there  is  no  indication  of  en¬ 
hanced  performance  for  stability  (this  study)  or  maneuverability  (Fish  2002). 

The  kinematics  of  cetaceans  examined  were  consistent  with  previous  studies  of 
cetacean  locomotion  (Videler  and  Kamermans  1985;  Fish  1993,  1998).  Swimming 
speed  in  cetaceans  was  controlled  by  modulation  of /,  whereas  Af  remained  constant 
over  the  range  of  swimming  speeds.  Frequency  modulation  by  cetaceans  was  similar 
to  results  found  for  fish  and  other  marine  mammals  that  swim  by  oscillations  of 
a  high  aspect  ratio  hydrofoils  (Bainbridge  1958,  Hunter  and  Zweifel  1971,  Webb  et 
al.  198 4,  Feldkamp  1987,  Fish  et  al.  1988,  Scharold  et  al.  1989). 

Amplitude  (Af)  remained  a  constant  proportion  of  L  for  each  of  the  species 
examined.  These  results  was  similar  to  previous  results  for  Tursiops  (AfIL  —  0.16— 
0.21;  Kayan  and  Pyatetskiy  1977;  Fish  1993,  1998),  Orcinus  ( AfIL  =  0.21;  Fish 
1998),  and  Pseudorca  ( AfIL  =  0.18;  Fish  1998).  D.  leucas  exhibited  a  decrease  in  AIL 
from  0.27  to  0.13  with  increasing  UIL.  Despite  the  change  in  AIL  for  D.  leucas ,  the 
values  for  the  cetaceans  examined  are  typical  for  thunniform  swimmers  in  which  AIL 
is  0.16— 0.34  (Fierstine  and  Walters  1968,  Fish  et  al.  1988,  Dewar  and  Graham  1994). 

Propulsive  oscillatory  motions  of  the  flukes  should  produce  forces  that  are 
perpendicular  to  the  direction  of  motion  by  a  swimming  dolphin  (Webb  1975;  Fish 
1993,  1998).  The  time-average  of  these  transverse  forces  and  the  generated  torques 
must  be  balanced  at  the  cranial  end  of  the  animal.  If  a  dolphin  acted  as  a  simple 
rigid  beam,  the  transverse  forces  at  the  flukes  would  be  balanced  by  a  pitching 
movement  at  the  cranial  end  of  the  animal  in  a  direction  within  the  vertical  plane 
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Figure  6.  Mean  (±SD)  peak-to-peak  amplitude  measured  at  the  rostrum  ( Ar )  and  fluke 
tip  (AJ)  if  individuals  plotted  as  a  function  of  body  length  ( L ).  Equations  for  regression  lines 
are  provided  in  the  text. 


immediately  opposite  to  direction  of  the  flukes.  The  dolphin  would  act  like  a  see¬ 
saw  with  the  rotational  center  of  the  pitching  motion  located  at  the  center  of  mass. 
However,  observations  of  cetaceans  in  this  study  showed  that  the  animals  did  not 
act  as  simple  rigid  beams.  As  a  result,  the  vertical  displacement  of  the  rostrum  in 
all  species  was  small  in  comparison  to  the  movement  of  at  the  flukes.  In  addition, 
the  rostral  end  of  the  animals  moved  in  the  same  direction  as  the  flukes  exhibiting 
near  synchrony.  Indeed,  the  movements  of  the  ends  were  synchronous  for  Stenella 
and  Tur slops. 

Limiting  the  transverse  movements  of  the  head  reduces  drag,  increases  propulsive 
efficiency,  and  maintains  stability  (Weihs  1993,  2002).  Large  deviations  at  the 
cranial  end  will  increase  the  added  mass  of  the  system  as  the  water  adjacent  to 
the  body  is  accelerated  by  its  movements  (Webb  1982).  The  drag  (i. e. ,  the 
hydrodynamic  resistance  to  forward  movement)  is  dependent  on  the  added  mass 
and  proportional  to  the  kinetic  energy  dissipated  into  the  water.  Displacements  at 
the  cranial  end  of  a  swimming  animal  may  induce  instabilities  of  the  pressure 
gradient  along  the  body  and  foster  conditions  for  premature  boundary  layer 
separation  that  can  increase  the  total  drag  on  the  animal  (Webb  1975,  Vogel  1994). 
In  addition,  drag  is  increased  due  to  large  oscillations  that  increase  the  projected 
frontal  area  encountered  by  the  ambient  water  flow.  Deviation  of  body  shape 
because  of  propulsive  movements  has  been  theoretically  suggested  to  increase  drag 
by  five  times  over  the  drag  of  a  rigid  straight  body  (Lighthill  1975). 
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Figure  7.  Mean  length-specific  amplitude  ( AIL  ±  SD)  for  the  rostrum  and  flukes  for  each 
species. 


The  body  motions  of  cetaceans  create  a  tendency  for  instability  by  pitching 
(Aleyev  1977,  Weihs  1993).  The  pitching  movements  potentially  cause  an  animal  to 
deviate  from  its  chosen  trajectory.  Such  a  deviation  will  increase  the  energy  expendi¬ 
ture  to  maintain  course  and  increase  time  and  effort  in  acquiring  potential  prey. 

The  body  of  cetaceans,  particularly  fast-swimming  oceanic  delphinids,  has  been 
considered  a  relatively  stable  morphological  configuration  (Fish  2002).  Skrovan 
et  al.  (1999)  found  the  vertical  displacement  of  the  rostrum  of  Tursiops  to  be  0.05  L 
during  steady  swimming  at  1. 5-3-7  m/sec.  Even  when  accelerating,  a  rostral 
displacement  for  Lagenorhynchm  is  still  0.05  L  (Lang,  1975).  Such  pitching  motions 
are  in  accordance  with  the  results  for  the  seven  species  examined  in  this  study. 

Morphological  features  associated  with  stability  include  an  anteriorly  located 
center  of  mass,  control  surfaces  (e.g.,  flukes,  flippers,  caudal  peduncle)  located  far 
from  the  center  of  mass  with  most  of  the  control  surface  area  posterior  to  the  center 
of  mass,  sweepback  and  dihedral  of  the  control  surfaces,  reduced  mobility  of  the 
flippers,  and  reduced  flexibility  of  the  body  (Howell  1930,  Klima  et  al.  1987, 
Smith  1992,  Weihs  1993,  Fish  2002).  The  increased  stiffness  of  the  anterior  body 
due  to  skeletal  mechanics  limits  pitching  movements  at  the  rostrum  (Long  et  al. 
1997).  With  the  exception  of  Delphinapterus,  the  highly  compressed  cervical 
vertebrae  and  streamlined  body  of  odontocete  cetaceans  restrict  bending  in  the 
neck.  The  thoracic  vertebrae  are  braced  by  the  ribs,  further  restricting  bending 
motions  in  the  anterior  of  cetaceans. 

The  control  surfaces  of  cetaceans  act  to  passively  dampen  the  rate  of  growth  of 
a  perturbation  (Aleyev  1977).  The  position  of  the  flippers  increases  both  the  area 
and  span  of  the  body  anterior  of  the  center  of  mass.  Pitching  movements  will 
produce  a  force  normal  to  the  planar  area  of  the  flippers  that  will  act  to  resist 
vertical  motions  of  the  head.  This  increased  area  would  increase  the  added  mass  and 
inertia  at  the  anterior  end  of  the  animal  effectively  dampening  recoil  movements 
(Webb  1975).  The  large  phase  differences  between  the  motions  of  the  flippers  and 
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Figure  8.  Phase  difference  (mean  ±  SD)  between  flukes  and  rostrum  for  each  species. 
Positive  values  indicate  rostrum  leads  flukes;  negative  values  indicate  rostrum  follows  flukes. 
The  horizontal  line  at  a  phase  difference  of  0°  indicates  synchrony  between  the  fluke  and  the 
rostrum. 


the  flukes  of  the  cetaceans  in  this  study  help  to  generate  resistive  forces  at  the 
flippers  that  would  counter  pitching  rotations  generated  by  the  vertical  forces 
produced  by  the  flukes.  However,  flippers  with  relatively  large  areas  had  no  effect 
on  decreasing  dorso-ventral  excursions  at  the  rostrum,  contrary  to  the  original 
hypothesis  in  this  study.  All  animals  tested  maintained  relatively  small  displace¬ 
ments  at  the  rostrum  ( ArIL  <  0.06).  Orcinus  had  the  largest  flipper  areas,  but  this 
species  did  not  show  any  difference  in  Ar/L  with  other  species.  One  possible  reason 
that  the  animals  did  not  show  differences  is  that  the  planar  area  of  the  flippers  was 
statistically  identical  to  the  planar  area  of  the  flukes.  Since  fluke  area  is  proportional 
to  force  production,  the  resistive  force  generated  from  recoil  at  the  flippers  would  be 
proportionally  similar. 

The  distribution  of  body  mass  also  plays  a  critical  role  in  the  passive  dampening 
of  recoil.  Recoil  forces  at  the  head  can  be  minimized  by  increasing  the  mass  anterior 
to  the  center  of  mass.  This  configuration  produces  a  large  moment  of  inertia 
resisting  recoil  at  the  head.  Furthermore,  the  peduncle  region  shows  reduced  mass 
that  would  assist  in  minimizing  posterior  vertical  forces  that  would  have  to  be 
balanced  at  the  cranial  end  of  the  whale  (Lighthill  1975).  Thunniform  swimmers 
(i.e. ,  cetaceans  and  tuna  that  swim  by  oscillating  a  caudal  hydrofoil)  reduce  the 
posterior  area  of  the  body  by  narrow  necking.  In  narrow  necking,  the  projected  area 
decreases  progressively  from  the  center  of  mass  to  the  caudal  peduncle,  with  a  rapid 
increase  in  the  span  of  the  caudal  propulsor  (Fierstine  and  Walters  1968,  Lighthill 
1975,  Fish  1993).  The  peduncle  is  streamlined  in  its  plane  of  oscillation.  These 
modifications  reduce  the  added  mass  effect  posteriorly  and  corresponding  recoil 
forces  (Webb  1975,  Blake  1983). 

Active  stabilization  uses  the  body’s  own  motions  to  counter  the  pitching  force 
generated  by  the  propulsive  oscillations  at  the  tail.  The  low  A,./L  (0.02-0.06 
despite  the  relatively  large  Ay  (0.17-0.25)  and  phased  movements  between  both 
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Figure  9.  Phase  difference  (mean  ±  SD)  between  flukes  and  flipper  and  peduncle. 
Peduncle  always  leads  flukes  (positive  values);  flippers  always  followed  flukes  (negative 
values).  The  horizontal  line  at  a  phase  difference  of  0°  indicates  synchrony  between  body 
components. 


body  components  indicate  control  of  pitching  oscillations  in  cetaceans.  By 
synchronously  moving  the  rostrum  in  the  same  direction  as  flukes  by  muscular 
control,  there  is  a  reduction  in  the  natural  tendency  of  the  rostrum  to  swing 
through  a  wide  arc  opposite  the  motion  of  the  flukes.  More  control  is  afforded  to 
the  cranial  end  of  the  animal.  Simultaneously,  the  flippers,  which  are  out  of  phase 
with  the  flukes,  oppose  pitching  (see  above). 

Similar  to  cetaceans,  tuna  can  control  displacement  of  the  head.  Tuna  exhibiting 
sustained  swimming  limit  Ar/L  to  0.037-0.051  and  Af!Ar  to  4.59-5.14  (Fierstine 
and  Walters  1968,  Dewar  and  Graham  1994).  These  fish  with  short  or  inflexible 
bodies  reduce  recoil  by  using  the  resistive  force  developed  from  the  motions  in  the 
body  in  the  direction  normal  to  flexure  in  concert  with  the  anteriorly  located 
increased  projected  area  (Lighthill  1975).  Tuna,  like  cetaceans,  use  a  lift-based 
propulsive  system,  whereby  thrust  is  generated  by  an  oscillating  hydrofoil.  The 
motion  of  the  hydrofoil  generates  a  large  thrust  force  with  relatively  small 
transverse  forces  (Lighthill  1975,  Webb  1975). 

The  resistance  to  pitching  of  the  anterior  body  of  cetaceans  lowers  the  power 
requirements  for  swimming  and  increases  stability.  Mechanisms  for  pitch 
stabilization  are  associated  with  morphological  features  and  kinematic  control. 

The  placement  of  the  flippers  and  relatively  inflexible  cranial  portion  of  cetaceans  acts 
to  provide  a  large  inertial  mass  to  resist  recoil  motions  at  the  head.  In  addition,  the 
phased  movements  of  the  various  body  components  reduce  pitching  movement  of 
the  head.  Minimizing  pitch  is  an  important  requirement  for  cetaceans  as  fast-swim¬ 
ming  aquatic  predators.  Stability  is  essential  in  minimizing  energy  consumption  in 
swimming  long  distances  while  foraging  and  migrating  (Fish  and  Rohr  1999).  Pitch  > 

control  in  echolocating  cetaceans  can  be  important  in  targeting  prey.  Both  emission 
and  reception  of  an  echolocation  beam  is  confined  to  narrow  range  of  elevation  angles, 
particularly  at  high  frequencies  (Au  1993).  Excessive  pitching  movements  could 
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potentially  reduce  echolocation  effectiveness  in  reception  by  signal  loss  from 
shadowing  by  the  head  and  reduced  directional  control  during  emission. 
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